INTRODUCTION
With the increasing use of inhalation techniques in biological studies with tobacco smoke, a need has developed for methods of defining the quantity of smoke to which animals are exposed. Documentation of exposure conditions, for example, requires knowledge of the concentration of smoke offered animals and the duration of the exposure. Evaluation of devices for exposing animals or of new exposure methodologies is made more objective by determination of the quantity of smoke offered with the device or methodology. As the scope of inhalation studies expands to simultaneous exposure of large numbers of animals, suitable means are needed to monitor smoke concentration to prevent accidental overexposure of the animals. Methods for continuous monitoring of smoke aerosols in inhalation systems for these purposes have not been available. Light scattering techniques offer the potential of continu<!>us, non-destructive monitoring of tobacco smoke in inhalation chambers (1) . The technique has been used extensively for the measurement of atmospheric particulates and aerosols (2, 3 ) . For aerosols in the size range of tobacco smoke, an approximation of the Mie equation ( 4) relates the light scattered by an aerosol with particulate concentration of the aerosol: I = k rP n , where I is the scattered light intensity, n is the particle number concentration, rP is the radius of the particles raised to some power p, and k is a proportionality constant. For a given set of experimental conditions (constant scattering angle, particle radius, wavelength of incident light beam), the intensity of the scattered light .is directly proportional to the number of particles per unit volume. An empirical relationship can be established between the scattered light intensity and particle concentration. In this paper, we describe the development and validation of a simple device for monitoring tobacco smoke particulates by light scattering. The device consists of a commercially available light-emitting diode/phototransistor array which can be interfaced with an inhalation exposure system. The diode element of the array emits light into the smoke aerosol and the light back-scattered by the smoke is detected by the phototransistor element.
The sensor provides a continuous, nearly instantaneous readout of smoke particulates in the immediate vicinity of the array. Characteristics of the sensor important in the detection and analysis of smoke were investigated and are described in this paper.
EXPERIMENTAL

Inhalation Ex posure System
The W alton Horizontal Smoking Machine (WHSM), a static (5) inhalation exposure device manufactured by Process and Instruments Corp., Brooklyn, N.Y. (6) , was used in this work. This is a "reverse" smoking machine in that air is forced through the cigarette by applying a positive pressure rather than drawing air through the cigarette by reducing the pressure at the butt end. Smoke is puffed into the exposure chamber (384 ml volume) where it is diluted with air and stands for a preselected time interval up to 45 seconds. Animals positioned around the exposure chamber inhale the smoke during this period. Exposures are terminated by the introduction into the chamber of air (6 liters/minute), which flushes out the smoke. This exposure sequence is repeated at one minute intervals until the cigarette is consumed.
A stirrer is provided in the exposure chamber to mix the smoke. A detailed description of the WHSM is available from the manufacturer (6).
Smoke Particulate Sensor and Electronics
A schematic diagram of the particulate sensor is shown in Figure 1 . The combination diode/phototransistor array was a Fairchild FPA 103':->:-(Fairchild Semiconductor, San Jose, Calif.) and consists of a gallium arsenide infrared-emitting diode in combination with a high gain silicon NPN phototransistor. The diode/transistor array is small; its facial dimensions are 0.6 X 0.5 cm and its depth, 0.4 cm. For use with the WHSM, the array was incorporated into a probe which could be inserted in a mouse containment tube ( Figure 1 ) so that the array protruded approximately 0.2 cm into the exposure chamber. Because of the broad wavelength range ( 400 to 1100 nm) over which the phototransistor element is sensitive, it was necessary to cover the exposure chamber with black plastic to reduce the impingement of room light on the element.
An Optron OPB-710 (Optron Inc ., Carrollton, Tex .) arra y has also been used in recent studies. 
L
Electronics designed for use with the particulate sensor are shown in Figure 1 . The span potentiometer provides adjustment of the sensitivity of the phototransistor element of the array. Sensitivity is adjustable to provide full scale readout (1 m V) for smoke particulate concentrations normally encountered in inhalation work. The zero control is designed to zero the response of the sensor with no smoke present at the sensor array.
Sampling and Analysis of Smoke
Smoke particulates were sampled from the WHSM chamber by a pulse sampling technique in which a known volume of smoke was withdrawn from the inhalation system over a short time interval. Normally, a 38 ml sample of smoke was taken over a 2-second interval using a vacuum smoking machine described previously (7) . Smoke particulates were collected on a small Cambridge filter pad (13 mm diameter) enclosed in a Swinnex millipore filter holder (Millipore Corp., Bedford, Mass.). Total particulate matter (TPM) was determined by weighing the TPM collected on the pad. Nicotine was determined by gas chromatographic analysis (8) results were obtained by dividing the weight of TPM or nicotine found on the filter pad by the total volume of smoke pulled through the pad.
Cigarettes
Cigarettes used in this work were either Kentucky reference 1R1 or 1A1 cigarettes (University of Kentucky, Lexington, Kentucky) or cigarettes manufactured for the National Cancer Institute (NCI), Bethesda, Maryland. Cigarettes were conditioned by storage for at least 48
hours at 60 ± 2°/o relative humidity and 297 ± 1 K (24 ± 1 °C). All cigarettes were selected on the basis of weight ( ± 20 mg of average weight) and resistanceto-draw (R TD) ( ± 5 mm H 20 of average R TD). Figure 2 illustrates the response of the monitor to successive puffs of smoke being taken into the exposure chamber. The WHSM operating parameters were set to introduce one 35 cm3/2 s puff from a single cigarette into the chamber once per minute. Each puff of smoke was allowed to stand in the chamber for 30 s before exhausting the chamber with fresh air. The si4th puff was allowed to remain in the chamber, and grab samples were taken Time (min) 9 10 11 at points A and B (Figure 2 ) to study the influence of particle size growth on monitor response. The lighting puff is characterized by a sharp excursion of the recorder output as the phototransistor senses the glowing electric lighter, followed by a rapid decay as the lighter moves away from the chamber and, finally, a generally stabilized response to scattered light from the smoke particulates. The response then decays to background level as the particulates are swept from the chamber with fresh air. Subsequent puffs result in a rapid increase in response as the smoke enters the chamber, a slow increase during the stand period, and a• decay to background as the smoke is swept from the chamber. The slow increase in response during the stand period is presumably related to particle size growth.
RESULTS AND DISCUSSION
Response time is essentially instantaneous with the primary limitation being the response time of the recorder. As is apparent from Figure 2 , there is no difficulty with zero shift between puffs. Extended experimentation with the device has demonstrated a constant return to baseline during the smoking of at least twelve consecutive cigarettes and only very minor excursions until the sensor window becomes coated with smoke condensate. A fouled sensor can be returned to routine use following a methanol rinse of the window. The functional relationship between sensor response and smoke concentration was established by correlation of independently determined TPM concentration in the WHSM with the signal from the sensor. Results of this study illustrated in Figure 3 clearly demonstrate a linear relation between sensor readout and TPM concentration. Each data point represents the sensor readout and TPM concentration of the smoke in the exposure chamber averaged over all puffs from each cigarette (1R1). Scatter in the data is due primarily to errors in weighing the small quantities of TPM (2 -12 mg) col- 
Average TPM concentration in exposure chamber (j.Jg/ml) lected on filter pads. In spite of this variation, a corre~ lation coefficient of 0.99 is found between sensor response and TPM. Data for this study were taken at two different times to assess the long term reproducibility of the sensor. Reproducibility appears good over at least a two-month period. Linearity in the response of the particulate sensor was confirmed by analysis of nicotine in smoke sampled from the WHSM. Sensitivity for nicotine analysis was sufficient to permit nicotine determinations on smoke sampled from individual puffs of the cigarette. Figure 4 shows a correlation plot of data collected in this study. Again, a linear relationship between smoke concentration (as measured by nicotine) and sensor readout is apparent; the correlation coefficient for this linearly related data is 0.97. The fact that the output from the particulate sensor is linearly related to smoke aerosol concentration is predicted by the approximation of the Mie equation cited previously. Linearity in the response makes interpretation of data straightforward, allows easy visualization of relative smoke concentration levels, and simplifies calibration of the sensor for quantitative documentation of exposure conditions. Aging of smoke in inhalation systems is a potential complication in utilization of the particulate sensor. Smoke aerosols agglomerate on aging to form particles of larger size (9) which could result in significant changes in the response of the particulate sensor. The effect of aerosol agglomeration on the response of the sensor is observable on the response profile for the WHSM shown on Figure 2 . The small increase in signal level on each of the response peaks is due primarily to agglomeration effects. During the 30-second exposure period in which smoke stands in the WHSM exposure chamber, agglom- Nicotine concentration in exposure chamber (~Lg/ml) ing puffs of smoke to age for extended time periods in the WHSM chamber. Puff 6 of Figure 2 shows a typical response profile obtained in the study. During the extended exposure smoke particulates are lost from the exposure chamber by settling and impaction on the chamber walls and the stirrer. Therefore, it was necessary to withdraw samples from the exposure chamber (at time points A and B) in order to determine the actual concentration of smoke aerosol suspended in the chamber atmosphere. Withdrawn samples were analyzed for nicotine. Samples were withdrawn approximately 15 seconds after the puff was taken and again 2 -3 minutes later. A comparison was then made between the ratio of smoke concentrations measured at sampling times A and B and the ratio of responses of the particulate sensor at the same times. Results of this comparison are shown in Table 1 . Fresh and aged smoke on this table refer to smoke sampled early (A) and late (B) in the extended exposure period. The ratio of sensor responses and nicotine concentrations at the two sampling times were calculated for randomly selected puffs on the cigarettes. Agreement between the two ratios is indicative of little agglomeration effect on sensor response. As seen in Table 1 for different puffs on 1R1 cigarettes, close agreement is indeed apparent; the ratios differ by only a few percent. Therefore, it is concluded that aging has very little effect on sensor response for smoke aged for extended periods. Immediately after smoke is generated, however, agglomeration does produce observable but small changes in sensor response and this fact must be taken into account in interpreting results obtained with the particulate sensor.
Response of the particulate sensor to smokes from different types of cigarettes was examined to investigate the possible effects of smoke composition on response.
Cigarettes of five different types were smoked on the WHSM, and sensor response profiles were obtained for smoke in the exposure chamber. Responses from all puffs on each cigarette were measured ai: the maxima of the response profiles and were summed to form a total response for the entire cigarette. Figure 5 shows a plot of the measured total response as a function of the TPM delivery of the cigarettes determined with the Phipps and Bird analytical smoking machine (Phipps and Bird, Inc., Richmond, Virginia). Except for one cigarette (NCI Code 97), total sensor response is linearly related to TPM delivery of the cigarettes. Therefore, these results indicate that the specific response of the sensor (response per mg TPM) is independent of cigarette type; the sensor responds only to the concentration of smoke particulates, and the composition of the smoke is inconsequential. The specific response of the NCI Code 97 cigarette is slightly low in comparison with the specific response of the other cigarettes. This cigarette is made from substitute tobacco, and the particle size of substitute tobacco smoke has a smaller mean value than the particle size of smoke from cigarettes made from natural tobacco (1 0). It is probably this difference in particle size that accounts for the lower specific response of the smoke from cigarettes made from a tobacco substitute. 
